Prospective and retrospective language evaluations and single photon emission computed tomography (SPECT) scans were performed in order to study the relationship between post-stroke recovery from aphasia and changes in cerebral blood flow (CBF) in groups of patients who had made a good recovery and those who had not. For the prospective study, 20 right-handed patients with aphasia secondary to an acute cerebrovascular accident (CVA) in the left middle cerebral artery territory received language evaluations with a Japanese Standard Language Test of Aphasia (SLTA), and SPECT scans performed twice, at a mean of 3.2 and a mean of 9.2 months postonset. Only one slice of SPECT data was analysed. A significant correlation was observed between the severity of the initial language deficit and initial CBF on the left side, but not the right. Initial CBF was not a predictor for future language recovery in either hemisphere. There was a correlation between the change in the left mean hemispheric CBF (but not the right) and the change in the overall SLTA severity rating from 3 to 9 months poststroke. In the retrospective study, 16 right-handed patients Keywords: aphasia; recovery; CBF; language; single photon emission computed tomography Abbreviations: CBF ϭ cerebral blood flow; CVA ϭ cerebrovascular accident; ROI ϭ region of interest; SLTA ϭ Standard Language Test of Aphasia; SPECT ϭ single photon emission computed tomography; T1 and T2 ϭ first and second sessions; Tep ϭ time, early phase; Tlp ϭ time, late phase
Introduction
Prediction of the potential for recovery of patients suffering from aphasia following cerebrovascular accident (CVA) is of great importance. Several factors have been shown to determine language recovery in aphasia, e.g. initial severity (Vignolo, 1964; Kenin and Swisher, 1972; Keenan and Brassel, 1974; Kertesz and McCabe, 1977; Demeurisse et al., 1980; Porch et al., 1980; Wade et al., 1986) . However, considerable variability in language recovery is observed, even when the initial severity of aphasia is comparable (Naeser et al., 1987) . Additional factors which affect recovery in aphasia include age at onset, sex, aetiology, prestroke history, type of aphasia and location and size of the lesion (Demeurisse et al., 1980; Kertesz, 1984; Holland et al., 1989) . Lesion location has been demonstrated to be especially important in the potential for language recovery (Kertesz et al., 1979; Naeser et al., 1989 Naeser et al., , 1990 . Aphasia may continue to resolve for several years beyond the initial recovery period, including improvement in naming ability, which has been observed even after 5-10 years post-onset (Fitzpatrick et al., 1988; Naeser et al., 1998) . In addition, recent radiological advances have made it possible to investigate the relationship between brain activity revealed by functional neuroimaging and language recovery.
Several approaches to the study of the relationship between function, assessed by neuroimaging, and language recovery in aphasia have been reported. First, investigators have attempted to quantitate the relationship of clinical manifestations of different types of aphasia of varying severity to regional cerebral blood flow (CBF) and/or cerebral metabolism, in an attempt to find a functional pattern for language deficits. Soh et al. (1978) , Tagawa et al. (1982a, b) , Metter et al. (1989) and Janicek et al. (1993) successfully demonstrated decreases in regional CBF, which were functionally relevant to the aphasia profile but not detected by morphological studies using CT scanning and MRI.
Secondly, more recently it has become possible to correlate longitudinally the clinical aphasia recovery status to dynamic changes revealed by functional neuroimaging. Results obtained thus far are conflicting. Nagata et al. (1986) found that CBF values 1-70 days after CVA correlated poorly with recovery from aphasia in patients with cerebral haemorrhage, whereas a good correlation was demonstrated in patients with cerebral infarction. They reported a good correlation between the regional CBF changes of the ischaemic area in infarction patients post-onset, and recovery of speech disturbance. In contrast, Demeurisse et al. (1984) demonstrated that clinical improvement cannot be attributed to an increase in resting CBF until Ͼ90 days post-onset. Heiss et al. (1993) used PET and glucose metabolism as a predictor of recovery in aphasia associated with ischaemic stroke. They found that only the left cerebral hemisphere glucose value 15 days after stroke had a significant effect on the residual variance of the 4-month follow-up Token Test regression, thereby suggesting the importance of left hemisphere integrity in the recovery of functional language.
Thirdly, recent studies have aimed to investigate increases in CBF and/or cerebral metabolism in particular brain regions of aphasic patients using activation methods, searching for a precise increased CBF locus associated with language functions (Heiss et al., 1993; Tamas et al., 1993; Ohyama et al., 1995; Price et al., 1995) . Results obtained from language activation studies largely confirm those from resting blood flow studies. It should be noted, however, that activation studies have occasionally provided novel findings specifically in the sense that activated loci or patterns are dissociable from those of resting blood flow studies (Tamas et al., 1993; Weiller et al., 1995) .
The neural correlates of the process of language restitution following aphasia are still unclear. Functional reorganization of the brain by activating previously non-utilized, or perhaps even inhibited, neuronal systems may be involved in language recovery. Two mechanisms have been suggested: (i) the use of left (ipsilateral) hemisphere language zones together with accessory language fields; and (ii) their homotopic counterparts in the right (contralateral) hemisphere (Weiller et al., 1995) . Since the observations of Gowers (1887), a number of clinical studies have suggested that right hemisphere functions are involved in recovery from aphasia (Kertesz and McCabe, 1977; Basso et al., 1989; Naeser et al., 1998) . Studies employing dichotic listening (Moore and Weidner, 1975; Pettit and Noll, 1979) , cortical evoked potentials (Papanicolaou et al., 1988) and carotid barbiturate injection (Czopf, 1972) have also favoured this right hemisphere hypothesis for cerebral relateralization in aphasia.
Studies using CBF and/or cerebral metabolism measurements during recovery from aphasia have produced conflicting results concerning the right hemisphere hypothesis. On the one hand, Meyer et al. (1980) observed that good recovery from aphasia was associated with an increase in regional CBF in a right hemisphere region homologous to Broca's area. The data were obtained during an activation experiment. Ohyama et al. (1995) also observed that patients with non-fluent aphasia showed a greater magnitude of activation in the right posteroinferofrontal area during a counting task, suggesting the importance of a compensatory role for the right homotopic area in aphasic patients. On the other hand, in addition to the Heiss et al. (1993) study, Demeurisse and Capon's (1987) study suggested that the activation of the left but not the right hemisphere was the best indicator of good recovery from aphasia.
Results of these studies are not directly comparable due to differences in the techniques used, and considerable variability in time post-onset. Some studies suggest that a right hemisphere contribution to language recovery takes place a considerable time after stroke onset. A left ear preference on verbal dichotic tests emerged when patients were tested Ͼ6 months post-onset (Moore and Weidner, 1975) . In addition, carotid injection of barbiturate on the right side caused total arrest of speech in the most chronic aphasics, whereas it moderately worsened speech in patients with aphasia of intermediate duration and had no effect in three patients in the acute phase (Czopf, 1972) . However, Knopman et al. (1984) reported a conflicting finding that patients with good recovery of auditory comprehension showed diffuse right hemisphere activation at an early stage (within 100 days after stroke), but showed activation in the left posterior temporal and inferior parietal areas at followup (~100 days later).
The possible relationship between long-term language recovery and changes in CBF in aphasia cases is still unclear. In most of the studies on CBF and/or cerebral metabolism mentioned above the CBF was measured before 3 months post-onset. It is well known that the greatest improvement in aphasia takes place within the first 6 months following stroke onset (Culton, 1969) , particularly within the first 3 months (Sarno and Levita, 1971; Kertesz and McCabe, 1977; Demeurisse et al., 1980; Hartman et al., 1981) . However, clinical improvement in aphasic patients within the first 3 months can be complicated by various haemodynamic and cognitive factors. In the acute phase (within several weeks after stroke), post-stroke oedema and luxury perfusion could influence flow values and the clinical picture (Demeurisse et al., 1984; Nagata et al., 1986) . Even in the subsequent several months, possible accompanying clinical symptoms, including disturbance of consciousness, attention deficits and physical discomfort, may lead to misinterpretation of the language functions. Accordingly, in the present study we initiated observation 3 months after CVA, when the various factors of the subacute phase had been stabilized.
We examined short-term changes (within the first year after stroke) and long-term changes (~7 years after stroke) in language test scores and CBF. Special emphasis was placed on the role of functional compensation/restoration of the ipsilateral and contralateral hemispheres and language recovery in the chronic stage. For this purpose, we conducted two experiments, one prospective and one retrospective. In the prospective study (Experiment 1), we designed two test sessions with a 6-month interval, and at each session CBF and language scores were measured on the same stroke patients. This strict experimental protocol enabled us to compare directly the changes in language functions and changes in CBF, whereas in the retrospective study (Experiment 2) we examined the long-term recovery status of aphasia in stroke patients at a mean of 7 years after the initial CVA, and at the same time measured CBF.
Throughout the two experiments, CBF was assessed using 99m Tc-HMPAO (technetium-99m hexamethylpropylene amine oxime) with single photon emission computed tomography (SPECT) scans (Sharp et al., 1986) . The CBF was measured quantitatively using the Patlak plot method according to Matsuda et al. (1992 Matsuda et al. ( , 1993 .
Experiment 1
In this experiment, we examined the relationship between recovery from aphasia and CBF within the first year postonset. Two examination sessions were performed. The first session (T1) was~3 months post-onset and the second (T2) was~9 months post-onset. The following questions were asked: (i) does T1 CBF correlate with T1 language function? (ii) does T1 CBF serve as a predictor of language change (recovery from aphasia) between T1 and T2? (iii) does T2 CBF correlate with aphasia status at T2? (iv) does the change in CBF between T1 and T2 correlate with language change (recovery from aphasia) between T1 and T2?
Method Subjects
Twenty patients who had suffered a left-sided CVA with residual aphasia were included in the study (Table 1 ). All patients were right-handed. The CVA of each patient had occurred primarily in the territory of the left middle cerebral artery. A diagnosis was made for each patient, based on medical history, neurological examination and laboratory tests. All the patients received an MRI and/or a CT scan of the brain. Exclusion criteria for this study included history of a previous stroke, pre-existing language disorders, other significant neurological or neuropsychological deficits and severe clinical diseases which may affect CBF. Also excluded from the study were patients whose aphasia was mild at the beginning, in order to avoid the ceiling effect in the recovery of language functions (the exclusion criterion will be described in the Procedure section). In addition to patients with ischaemic stroke, patients with cerebral haemorrhage were included in the study. Although CBF values of the haemorrhagic population may be variable until the subacute stage, CBF 3 months after stroke and thereafter is more stable (Nagata et al., 1986) . A CT scan of each haemorrhagic patient confirmed that there were no residual high-density areas. Informed consent for participation in the study was obtained from each patient or, when necessary, from the next of kin.
Procedure

Language evaluation
The Standard Language Test of Aphasia (SLTA) was used to evaluate language functions. The SLTA is the standardized test battery most commonly used to evaluate Japanese aphasic patients (SLTA Committee, 1977) . The aphasia severity ratings (Hasegawa et al., 1984) (0 ϭ most severe, 10 ϭ normal) are based on the 19 subscores of the SLTA; these were used as a primary language measure for the present study. The following seven subscores of the SLTA were also included in the analyses: auditory comprehension (to obey verbal commands) (out of 10); naming (out of 20); sentence repetition (out of 5); reading aloud short sentences (out of 5); reading comprehension (to obey written commands) (out of 10); dictation of Kana letters (out of 10); and dictation of short sentences (out of 5). T1  T2  T1  T2  T1  T2  T1  T2  T1  T2  T1  T2  T1  T2  T1  T2 Good recovery K.T B ϭ Broca's aphasia; C ϭ conduction aphasia; Fr ϭ frontal lobe; G ϭ global aphasia; H ϭ haemorrhage; I ϭ infarction; Mix ϭ mixed aphasia; NA ϭ not administered; P ϭ parietal lobe; PIQ ϭ performance IQ; Pm ϭ putamen; T ϭ temporal lobe; TCS ϭ transcortical sensory aphasia; W ϭ Wernicke's aphasia; T1 ϭ first session; T2 ϭ second session.
Each patient was given the SLTA twice: at T1 (mean 3.2 Ϯ 0.7 months) and again at T2 (mean 9.2 Ϯ 1.5 months). The aphasia type at T1 included Broca's (three patients), mixed (five patients), Wernicke's (nine patients), global (one patient), conduction (one patient) and transcortical sensory (one patient). The aphasia severity ratings ranged from moderate impairment (7 out of 10) to severe impairment (0 out of 10). As mentioned above, subjects with mild language impairment (aphasia severity rating ജ8) were excluded from the study, and the patients were divided into two subgroups based on changes in severity ratings between T1 and T2. Ten patients whose aphasia severity rating at T2 was at least 3 points higher than at T1 were assigned to the good recovery group, while the remaining 10 patients, whose improvement at T2 was ഛ2 points, were assigned to the poor recovery group (Table 1) . There were no differences between the two groups in age (good recovery group, 53.6 Ϯ 8.3 years; poor recovery group, 61.3 Ϯ 12.0 years) and performance IQ (good recovery group, 84.7 Ϯ 16.0; poor recovery group, 78.0 Ϯ 13.7). Importantly, the initial aphasia severity ratings did not differ between the two groups (good recovery group, 3.2 Ϯ 1.8; poor recovery group, 3.3 Ϯ 2.7). Changes in the severity scores between T1 and T2 were 4.3 Ϯ 1.5 for the good recovery group and 0.1 Ϯ 1.3 for the poor recovery group. In this paper the term 'recovery' is always used to refer to the amount of change in language behaviour between T1 and T2, not the absolute language score at T2.
SPECT
The SPECT scans were obtained using 99m Tc-HMPAO on a Hitachi Gamma-View D model SPECT scanner (Sharp et al., 1986 ). The CBF values were then measured from the SPECT scan data, using the Patlak plot method according to Matsuda et al. (1992 Matsuda et al. ( , 1993 . Patlak and Blasberg (1985) developed a graphical approach to obtain the unidirectional influx constant (k u ) of the tracer across the blood-brain barrier. The corrected k u value for the ratio ROI brain size : ROI aorta size, where ROI ϭ region of interest, has been confirmed to provide a clinically useful brain perfusion index. Regional CBF values were measured using Lassen's correction algorithm, in which the cerebral hemisphere was chosen as the reference region.
At both T1 and T2, SPECT scans were performed within 2 weeks of the SLTA evaluation. Only one SPECT scan slice was examined for CBF values. This single slice (10 mm thickness) was located 7-8 cm above the orbitomeatal line. ROIs were examined for the frontal, thalamic, temporal and occipital areas, as well as for the whole left hemisphere and the whole right hemisphere. All measurements were performed by a radiology technician who was naive to the patients' diagnoses and neurological conditions. The ROIs were drawn manually to exclude areas of infarction core (Matsuda et al., 1992) based on the blood flow images. Although the ROIs were drawn independently for the T1 and T2 time points, CT scans and/or MRIs were used for determining the infarcted area throughout T1 and T2. A sample SPECT scan slice in which it was examined is shown in Fig. 1 . Table 2 shows the CBF values for mean hemispheric CBF and ROI CBF at T1 and T2, as a function of recovery status (ROIs) on the slice: the frontal, thalamic, temporal and occipital areas. ROIs were determined primarily using the template of Damasio and Damasio (1989) : the frontal area includes the lateral aspect of the frontal lobe (frontal operculum, premotor and Rolandic regions), the thalamic area includes the thalamus, the temporal area includes the superior temporal gyrus and auditory region, and the occipital area includes the superior occipital and supracalcarine regions.
Results
(good recovery, poor recovery). These data were analysed in four parts, as presented below.
(i) T1 CBF and T1 language function
Values of Fisher's r to Z for comparison between the initial CBF and the initial language scores are shown in Table 3 . The results indicate that the mean left hemispheric CBF as well as ROI CBF in the left thalamic and temporal areas at the initial stage showed significant correlations with several initial language scores. For example, the initial mean left hemispheric CBF had significant correlations with half of the T1 SLTA scores. In contrast, the mean right hemispheric CBF and right ROI CBF did not correlate with most initial language scores. The only exceptions were the high correlations between the mean right hemispheric CBF and the right temporal and thalamic ROI CBF, and the repetition subscore.
(ii) T1 CBF and aphasia recovery from T1 to T2
The relationship between the initial CBF value and change in language functions between T1 and T2 was analysed in an attempt to find predictors for future language recovery. One within-factor (hemispheric side, right versus left) and one between-factor (recovery status, good versus poor) repeated measures ANOVA (analysis of variance) was conducted for mean hemispheric CBF and ROI CBF at T1. The main effect of side was significant for mean hemispheric CBF [F(1,18) ϭ 22.06, P Ͻ 0.001] as well as ROI CBF except for the occipital area [frontal, F(1,18) ϭ 23.39, P Ͻ 0.001; thalamic, To further evaluate the potential ability of initial CBF to predict future language recovery, regression analyses were performed between the mean hemispheric CBF and ROI CBF at T1, and SLTA subscore differences between T1 and T2. None of the mean hemispheric CBF values or ROI CBF values at T1 predicted future recovery, with the exception of the T1 left frontal ROI, which predicted future recovery in naming~9 months after stroke (r ϭ 0.48, P Ͻ 0.05; n ϭ 20).
(iii) T2 CBF and T2 language function
The CBF at T2 and SLTA scores at T2 were tested for correlation in order to evaluate the relationship between the status of cerebral perfusion and language function at a mean of 9.2 months post-onset. Fisher's r to Z between the CBF at T2 and the language scores at T2 are shown in Table 4 . The results at T2 were similar to those observed at T1. The mean left hemispheric CBF as well as ROI CBF in the left frontal, thalamic and temporal areas at T2 showed significant correlations with the following T2 language scores: overall severity, auditory comprehension and naming scores. Reading comprehension and writing abilities tended to correlate with CBF in both hemispheres. Sentence repetition and reading sentences aloud were not correlated with CBF of either hemisphere.
(iv) CBF change between T1 and T2 and language change between T1 and T2
The mean hemispheric CBF and ROI CBF at T1 and T2 are shown in Table 2 . In order to examine whether the good recovery and poor recovery groups had different changes in CBF between T1 and T2, two within-factor (hemispheric side, right versus left; time, T1 versus T2) and one betweenfactor (recovery status, good versus poor) repeated measures [right, F(1,9) ϭ 0.10, P Ͼ 0.10; left, F(1,9) ϭ 0.81, P Ͼ 0.10]. In terms of ROI CBF, no significant differences were obtained for the good and poor recovery groups between T1 and T2 (Table 2) . To confirm these findings, the correlations were calculated between the changes in SLTA scores (T2 aphasia scores minus T1 aphasia scores) and the changes in CBF (T2 CBF minus T1 CBF) ( Table 5 ). The mean left hemispheric CBF change showed a significant correlation with the change in the SLTA overall severity score, while the mean right hemispheric CBF change and the ROI CBF changes did not show a significant correlation with the SLTA overall severity change. Change in 'naming' scores showed a significant correlation with mean left hemispheric CBF change. Change in sentence dictation showed a significant correlation with the mean left hemisphere CBF change and left temporal ROI CBF change. Change in the letter dictation subscore was the only language change which correlated with the mean right hemispheric CBF change. Reading sentences aloud was significantly correlated with the right thalamic ROI CBF change and the right occipital ROI change.
Summary of Experiment 1
The results from Experiment 1 demonstrated that the initial mean left hemispheric CBF significantly correlated with four initial language scores (overall severity, auditory comprehension, sentence repetition and reading sentences aloud). Interestingly, the initial mean left hemispheric CBF did not predict the language recovery that might occur within the next 5-7 months. However, the change of mean left hemispheric CBF between 3 and 9 months after stroke onset showed a correlation with change in language proficiency BϭBroca's aphasia; Fr ϭ frontal lobe; H ϭ haemorrhage; I ϭ infarction; MCA ϭ middle cerebral artery territory; Mix ϭ mixed aphasia; O ϭ occipital lobe; P ϭ parietal lobe; Pm ϭ putamen; T ϭ temporal lobe; W ϭ Wernicke's aphasia; Tep ϭ time, early phase; Tlp ϭ time, late phase.
(recovery from aphasia) at a mean of 9.2 months after stroke. Recovery in overall language deficit was independent of change in the mean right hemispheric CBF and any ROI CBF change in either hemisphere. The results of Experiment 1 support the notion that overall language improvement within the first year correlates with functional recovery in the dominant hemisphere. The ipsilateral perfusion increase may be crucial for early recovery from aphasia. We should be cautious about the possibility that CBF changes immediately adjacent to the infarcted areas systematically alter the identification of regions and thereby affect the CBF values. However, a significant difference in the mean left hemispheric CBF between T1 and T2 was observed only in the good recovery group. This dissociable result cannot be interpreted as being due to different procedures. Also, an important finding was that the contralateral perfusion was not related to early recovery from aphasia. The present results are consistent with the study of Heiss et al. (1993) , which demonstrated that only the value of resting glucose metabolic rate (PET) for the left cerebral hemisphere 15 days after stroke had a significant effect on the residual variance of the Token Test 4 months after stroke. However, it is not clear how long after stroke that this role of the left hemisphere in overall language recovery may remain active. Mean left hemispheric CBF may continue to increase for far more than a year as language improves. Alternatively, as suggested by Czopf (1972) , Moore and Weidner (1975) and Naeser et al. (1998) , the contribution of the right hemisphere is added very slowly and the right hemispheric CBF may show a gradual and slow increase for a long period. To assess this point, we conducted Experiment 2, in which we studied the relationship between the CBF values and language recovery around 7 years after stroke (onset of aphasia).
Experiment 2 Method Subjects
Sixteen right-handed patients with residual aphasia (five women and 11 men; mean age 58.1 Ϯ 11.6 years) who had suffered a left hemisphere CVA at a mean of 6.9 years earlier participated in this study (Table 6 ). The CVA of each patient had occurred primarily in the territory of the left middle cerebral artery. Diagnosis for each patient was based on the medical history and neurological examination and laboratory tests. All the patients received an MRI and/or a CT scan of the brain. The exclusion criteria for this study and the informed consent obtained from each patient were identical to those in Experiment 1. The CBF values of the patients were compared with those of 10 age-and sex-matched normal control subjects (three women and seven men; mean age 56.5 Ϯ 6.8 years).
Procedure
Language evaluation
Language deficits for each patient had already been evaluated with the SLTA within 1 year after the CVA (mean, 6.5 Ϯ 2.0 months) (time, early phase ϭ Tep). Of note, subjects with mild language impairment (aphasia severity rating ജ8) at
Tep were excluded from the study to avoid a possible ceiling effect. The patients received the second language evaluation with the SLTA around 7 years after stroke onset (time, late phase ϭ Tlp) (mean, 82.8 Ϯ 36.7 months). The patients were divided into two groups with either good recovery or poor recovery based on the change (improvement) in the SLTA overall severity rating. The good recovery group consisted of eight patients whose SLTA overall severity rating at Tlp was higher than that at Tep by ജ3 points. The poor recovery group consisted of the remaining eight patients. There were no significant differences between the groups in age, sex, aetiology, aphasia type and time post-onset. The overall aphasia severity rating at Tep was also identical for the two groups (good recovery group, 2.6 Ϯ 1.8; poor recovery group, 2.3 Ϯ 2.1, P Ͼ 0.10). The two groups differed only in the overall aphasia severity rating at Tlp (good recovery group, 6.6 Ϯ 2.8; poor recovery group, 3.2 Ϯ 2.0, P Ͻ 0.01).
SPECT
Each patient received a SPECT scan once, at Tlp. The procedure and analyses of the SPECT scans were identical to those in Experiment 1. Table 7 shows the mean hemispheric CBF and ROI CBF values for the good and poor recovery groups, as well as those for the normal control group. One between-factor ANOVA (subject group, good recovery patients versus poor recovery patients versus normal controls) and one withinfactor (hemispheric side, right versus left) ANOVA were conducted for mean hemispheric CBF and each ROI CBF. For mean hemispheric CBF, the main effects of group [F(2,46) Since most of the main effects (subject group and side) were significant for mean hemispheric CBF and ROI CBF, subsequent analyses were conducted with one betweenfactor (subject groups) ANOVA for right and left CBF independently. Statistical comparisons between the groups were performed with Bonferroni's multiple comparison method and are indicated in Table 7 .
Results
(i) Tlp CBF comparisons between the good and poor recovery groups
There was no significant difference in the mean left hemispheric CBF between the good and poor recovery groups. In contrast, the mean right hemispheric CBF of the good recovery group was significantly higher than that of the poor recovery group. In addition, the good recovery group showed higher ROI CBF than the poor recovery group in the right frontal and the right thalamic areas as well as in the left frontal area. No difference was observed in ROI CBF for any other regions between the two groups.
(ii) Tlp CBF comparisons between the aphasia groups and the normal control group Both the good and poor recovery groups showed significantly lower mean left hemispheric CBF and ROI CBF in the left thalamic and temporal areas than the normal control group, indicating overall left hemisphere hypoperfusion regardless of recovery status. Differences between the good and poor recovery groups were observed for the mean right hemispheric perfusion. The poor recovery group demonstrated lower CBF in the whole right hemisphere, as well as in the right frontal, thalamic and temporal areas, than the normal control group. In contrast, the mean right hemispheric CBF and all the right CBF ROIs for the good recovery group were similar to those of the normal control group. The results indicated that perfusion in the right hemisphere at Tlp was within the normal range in the good recovery group while it was significantly lower in the poor recovery group.
(iii) Relationship between Tlp CBF and language function at Tep and Tlp
Correlations were calculated between the CBF value at Tlp and the SLTA overall severity rating and subscores at Tep and Tlp. There was a significant correlation between mean left hemispheric CBF at Tlp and naming at Tep [r(14) 
Summary of Experiment 2
The poor recovery group showed decreased perfusion in both hemispheres and all ROIs (except for the occipital areas) when compared with the normal control group. In contrast, the good recovery group demonstrated perfusion similar to that in the normal control group throughout the right hemisphere. Hypoperfusion in the good recovery group was limited to the left side (mean left hemispheric CBF as well as left thalamic and temporal ROIs). In addition, comparison between the two patient groups demonstrated that the good recovery group had higher perfusion in the right hemisphere (mean right hemispheric CBF, as well as right ROI CBF for the frontal and thalamic areas), while the difference between the two groups on the left side ROIs was limited to the frontal area. The results of Experiment 2 suggest that the right, contralateral cerebral perfusion, specifically ROI CBF in the right frontal and thalamic areas, is important for longterm recovery at a mean of 7 years post-onset, in addition to ipsilateral left frontal perfusion.
Discussion
The results from Experiment 1 suggest that changes in the mean hemispheric CBF on the left side were significantly correlated with changes in the overall SLTA severity rating from 3 to 9 months after stroke, but those on the right side were not. Early language recovery within a year appears to depend on functional recovery of the ipsilateral dominant hemisphere, as shown by the CBF increase there. It was concluded that functional restoration within the left hemisphere is crucial for early recovery from aphasia. In contrast to Experiment 1, Experiment 2 demonstrated that subsequent and long-term recovery from aphasia is correlated with functional recovery of the contralateral non-dominant hemisphere, specifically in the homotopic frontal and thalamic areas. For long-term language recovery, compensation by the right hemisphere appears to be important. This contralateral functional compensation, however, may be a very slow process and may not occur at all in the early stages.
Certainly, the CBF of both hemispheres increases, at least in part, concordantly. In fact, for each good response group, when CBF values at Tlp (around 7 years) in Experiment 2 were compared with those at T2 (around 9 months) in Experiment 1, an increase in CBF value was observed for the good response group at around 7 years in the mean right hemispheric CBF and the left frontal ROI CBF. As was emphasized by Gainotti (1993) , bihemispheric processes should be taken into account in language recovery. However, it appears that there was some time lag between the functional compensation/recovery process in the right hemisphere and that in the left hemisphere. The present results are in line with the notion that compensation in the right hemisphere has a slow and gradual time course (Czopf, 1972; Moore and Weidner, 1975; Naeser et al., 1998) . Our results conflict with those of Knopman et al. (1984) , whose patients with good recovery showed diffuse right hemisphere activation at an early stage, but showed activation in the left posterior temporal and inferior parietal areas at follow-up. The disagreement between our findings and those of Knopman et al. (1984) may reflect different patient selection. Alternatively, resting blood flow studies, as reported here, might be unrelated to the blood flow changes produced by functional language activation that were used by Knopman et al. (1984) . Further longitudinal studies on language activation and recovery from aphasia are warranted. Basso et al. (1989) postulated two mechanisms of right hemisphere involvement in language recovery: a rapid process involving the removal of the left hemisphere's inhibition of the right hemisphere's intrinsic verbal capacity, and a late process in which a new verbal competence is taken over by the right hemisphere. The present study provided evidence for the latter. Weiller et al. (1995) recently demonstrated increased left frontal and right perisylvian activity in patients with Wernicke's aphasia and proposed the redistribution of activity within the framework of a pre-existing, parallel processing and bilateral network as the central mechanism in the functional reorganization of the language system after stroke. Our results are consistent with this hypothesis.
